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Theme

Modern, precision-guided weapons require that guidance and target acquisition/recognition systems take into account the
effects of the propagation environment. Successful performance must be obtained under adverse weather conditions such as
haze, clouds, fog, rain, snow and under adverse battlefield conditions such as dust, smoke and man-made obscurants.

Sensors operate at wavelengths ranging across the millimetre, IR and the visible regions of the electromagnetic spectrum.
Propagation effects vary drastically over this wavelength span and systems may employ a combination of sensors to mitigate
adverse environmental conditions. The effectiveness of countermeasures such as multispectral obscurants and multispectral
camouflage also depends on atmospheric properties.

System performance is measured in terms of probability of detection, probability of recognition and, ultimately, in terms of
probability of a kill. A partial listing of the processes that affect these probabilities and, in turn, are affected by the propagation
cnvironment includes extinction, angles and amplitude scintillation, target to background contrast, contrast transmission and
clutter characteristics.

The Symposium will address the following topics:

® Natural Obscurants

® Multispectral Camouflage

® Man-made Obscurants and Battlefield-induced Phenomena
® ‘larget and Background Signatures.

Théme

La mise en oeuvre des systemes d’armes modernes a guidage de précision exige que les systémes d’acquisition/reconnaissance
de lobjectif tiennent compte des conditions de propagation. Les performances requises doivent étre réalisées dans des
conditions météorologiques défavorables telles que brume, nuages, brouillard, pluie, neige et dans des conditions hostiles de
combat telles que poussiere, fumée et obscurcissants artificiels.

De nombreux capteurs fonctionnent a des longueurs d'onde du spectre électromagnétique allant des ondes millimétriques aux
rayonnements visibles en passant par l'infrarouge. Les conditions de propagation varient de fagon considérable dans ces
gammes de longueurs d'onde, de sorte que les systemes peuvent faire appel a des combinaisons de capteurs afin d'atténuer
l'influence des facteurs défavorabies de propagation. L'efficacité des contremesures telles que les obscurcissants multispectraux
et le camouflage multispectral dépend également des caractéristiques atmosphériques.

Les performances des systemes sont exprimées par la probabilité de détection, la probabilité de reconnaissance et, en dernier
ressort, par la probabilité d’anéantissement. Une liste non exhaustive des concepts ayant une incidence sur ces probabilités,
influencées a leur tour par les conditions de propagation, comporte I'extinction, le contraste entre la cible et son arriére-plan, la
scintillation angulaire et Ia scintillation d’amplitude, la transmission du contraste et les caractéristiques du fouillis.

Les sujets suivants seront abordés:

® Les obscurcissants naturels

® Le camouflage multispectral

® Les obscurcissants artificiels et les phénomenes liés au champs de bataiile
@ Les signatures de la cible et de l'arriere-plan.
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Preface

The Symposium on Atmospheric Propagation Effects through Natural and Man-Made Obscurants for Visible to MM-Wave
Radiation, was a good Symposium in the way that it brought together experts in the area of optical/infrared as well as millimetre
wave propagation and propagation related system aspects.

Many papers addressed the subject of the transmission of electromagnetic radiation through the natural (adverse) atmosphere
and through man-made obscurants (smokes) and the degradation effects on acquisition and surveillance systems. This results in
a decreased situational awareness and less flexibility to deploy armed forces in unfavourable climatological conditions. The
development of methods and/or systems to overcome this strongly depends on a fundamental knowledge of the mechanisms
involved.

Modelling of those effects is the basis of simulation techniques that can be used on the one hand to improve training techniques
for operations under adverse atmospheric conditions and on the other hand for a visualisation of the problems though computer
simulation.

Knowledge of target and background signatures, as they depend on environmental conditions, including the propagation
characteristics of the atmosphere, is essential for the development of countermeasures such as camouflage systems and decoy
systems. In several papers both the modelling and measurement of target signatures, background signatures, camouflage
methods and camouflage effectiveness were addressed. It was encouraging to see that development really goes into the direction
of true multispectral systems, operating in the optical, infrared and millimetre wavelength regions.

The presentations at the Symposium exhibited a balance between the optical/infrared and millimetre wavelenyg.!" hands.
. . o . . -

between pure propagation effects and systems degradation and mitigation effects, between acquisition systems and

countermeasures, between national research projects and international (NATO) cooperative programmes.

In the area of atmospheric battlefield effects (propagation and systems related) there is strong competition with other
conferences. It was therefore encouraging to note that the numerous participants acknowledged the quality of the presentations

and enjoyed the discussions. The fact that detailed and interesting results can be revealed during a classified session has proven
to be an advantage.

In short, AGARD/EPP demonstrated at the Symposium the quality that people expect. This was to a large extent due to the
authors, but also to the members of the Technical Programme Committee, the local Spanish Coordinators and the EPP Staff.

We thank everyone who contributed to the success of the Symposium.

J. Rogge and E. Schweicher




Contents

Page
Theme/Théme jii |
Electromagnetic Wave Propagation Panel iv
Preface v
Reference
SESSION I — EFFECTS OF NATURALLY OCCURRING OBSCURANTS ’
Session Chairman: Dr U. Lammers
Paper 1 withdrawn
Evaluation of Dual Polarization Attenuation of Millimeter Frequencies through a 2
Meteorological Radar ’
by D. Giuli, L. Baldini, L. Facheris and P. Mazzetti

Propagation Modeling of Moist Air and Suspended Water/Ice Particles at 3

Frequencies below 1000 GHz
by H.J. Liebe, G.A. Hufford and M.G. Cotton

The Influence of the Evaporation Duct on the Angle of Arrival and Amplitude of the 4 ‘
Backscattered Signal from Targets Low above the Sea
by H. Sittrop, H. Gravesteijn and H.J.M. Heemskerk

Muitispectral Transmittance Measurements through Man-Made Water Fogs 5
by Y.P.Yee, R A. Sutherland and J.L.Cogan
Paper 6 withdrawn
Estimation of Transmittance from Satellite Imagery 7 1

by J. Cogan and D. Williams

SESSION Il — MULTISPECTRAL CAMOUFLAGE

Session Chairman: Dr W.A. Flood *
Une Méthode Expérimentale et Globale de Mesure de PEmissivité 8
par R. Marchal
Experimental Evaluation of Camouflage Effectiveness in the Thermal Infrared 9
by P.AM. Jacobs
NATO SOCMET Trials 10 q
by C.M. Jenden
Global Approach towards the Evaluation of Thermal Infrared Countermeasures 11
by P. Verlinde and P. Wilms
SESSION q
Session Chairman: Dipl. Ing. E.P. Baars and Mr J. Rogge
The NATO Best Two Experiment — Overview and Results 12°
by J. Rogge
Air-to-Ground Imagery in the Spectral Bands 3-5um and 8-12um, 13*
Collected at the Best Two Trial ‘
by D. Clement and D.H. Héhn

* Published in classified volume CP-542 (Supplement).

M




Paper 14 withdrawn

Génération d’Images Infrarouges et Visibles — Application a la Détecuion IR Passive
par B. Evain, Y. Cojan, N. Depradeux et G. Bergine

Amplitude and Phase-Front Measurements at 35 GHz and 94 GHz at a
Transmission Path over Sea
by R. Makaruschka and H. Essen

Reflectivity and Transmission Measurements of the Exhaust Jet of 2
Medium Range Rocket at 35 GHz and 94 GHz
by E.P. Baars and H. Essen

Radar Camouflage Nets based on Diffuse Reflection
by G. Vandersteen, J. Verspecht and E. Schweicher

Evaluation of Camouflage Means on Land Targets at 94 GHz
by H. Schimpf and H. Essen

Caractérisation de la Signature Infrarouge d’un Avion de Chasse
(Characterization of the Infrared Signature of a Fighter Jet)
par P. Dormal

A Background Model in the Thermal Infrared: Status, Validation and Applications
by D. Clement and W. Jessen

Une Application de la Faible Sensibilité des LADARS aux Leurres IR et EM
par D. Carrere et V. Martin

SESSION IV — MAN-MADF OBSCURANTS AND BATTLEFIELD PHENOMENA

Session Chairman: Colonel Imm R. de Bleyser

US Army Radar Obscurant Developmental Testing
by D.G. Bauerle, S.R. Stratton and C.S. Kilgore

The Effects of Man-Made Smokes and Battlefield-Induced Smokes on the
Propagation of Electromagnetic Radiation
by A. Van de Wal

Procedure to Optimize the Effectiveness of Man-Made Smoke Screens for Fixed Installations

by G. Kollers
Paper 26 withdrawn

Stratégie de Détection-Visée — ACED — en Ambiance Météo, de Terrains et
de Contre-Mesures
par P. Laurend

Time-Dependent Properties of a Diode Laser Beam after Propagation through
Expanding Gun Blast
by A.V.Kay

Ka-Band ISAR Measurements of Countermeasured Vehicles
by H.B. Wallace

Reference

15°

16*

17*

18°

19°

20°

21

22*

23*

24

25

27

28

29*

* Published in classified volume CP-542 (Supplement).
vii




SESSION V — TARGET AND BACKGROUND SIGNATURES
Session Chairman: Dr D. Clement

Infrared Polarization Signatures
by D.L. Jordan and G. Lewis

Model for the Simulation of Atmospheric Effects on Targets to
Background Passive Signatures
(Modele pour la Simulation des Effets Atmosphériques sur les Signatures Passive de
Cibles dans leur Environnement)
by C. Wallez, J. Lemorton, P.F. Combes and F. Christophe

The Effect of Enhanced Backscattering on Farget Detection
by E. Jakeman, J.P. Frank and G.J. Balmer

Polarimetric Backscatter Measurements of Natural Surfaces at
Millimeter Wavelengths
by J. Mead, P. Chang and R. McIntosh

A Hybrid Electromagnetic-Statistical Approach for Characterizing MIMW
Scattering by Terrain
by F.T. Ulaby, P. Siqueira and K. Sarabandi

Granulométrie de Milieux a Faible Concentration de Particules
par A. Delfour, B. Guillame et A. Junchat

Radar Cross Sections of Ground Clutter at 95 GHz for Summer and Fall Conditions
by R.J. Wellman et al.

Maedification of 95-GHz Radar Signatures of Armored Vehicles by Foliage Camouflage
by R.J. Wellman et al.
SESSION VI — SYSTEM MITIGATION ASPECTS

Session Chairman: ICA P, Fuerxer

Knowledge Combination and Data Fusion with Application to Recognition Systems
by C. Perneel, M. de Mathelin and M. Acheroy

Paper 39 not available for publication

Calculation of Turbulence Degraded Point Spread Function of an Imaging System
by G. Saplakoglu, F. Erden and A. Altintag

Reference

30

31

32

33

34

35

36

37°

38

40

* Published in classified volume CP-542 (Supplement).

viii




Evaluation of Dual Polarization Attenuation of Millimeter Frequencies
through a Meteorological Radar

D. Giuli, L. Baldini, L. Facheris, P. Mazzetti

Dipartimento di Ingegnenia Elettronica
Universita di Firenze
via di Santa Marta, 3
50139 Florence

SUMMARY

In this paper the possibility of exploiting measurements
obtained through a C-band dual polarization radar is examined,
as an auxiliary tool for the planning of radio relays operating
at millimeter frequencies. C-band weather radars, though
featuring several advantages related to their cost and reduced
size, provide partially attenuated rainfall measurements with
respect to their S-band counterparts. However, good reliability
of rainfall rates based on C-band dual polarization
measurement is achieved after proper processing based on
iterative procedures for propagation attenuation due to rain. A
simulation program has been utilized here to provide synthetic
rainfall and C-band dual polanzation reflectivity data related
to several storms, corresponding to different meteorological
conditions. Simulated data, after proper correction of radar
data, have been utilized to evaluate path attenuation statistics
useful to predict fading at millimeter frequencies and related
outage probability. Results show that a C-band radar can be
profitably exploited for the purpose, prediction being feasible
under different space-time rain patterns. On the other hand, the
analysis has shown that differential reflectivity is not so
essential for the aforementioned purpose as absolute
reflectivity, even if it could be utilized with success in real
contexts for the identifications of hydrometeors (hail,
graupels, wet snow) other than rain, which may be responsible
for more pronounced scattering and absorption phenomena.

1. INTRODUCTION

The increasing interest in the use of frequencies above 30 GHz
in line of sight radio links, dictated by wider bandwidth
occupancy availability for digital transmission, asks for
detailed studies of attenuation of ¢.m. waves propagation in
atmosphere along terrestrial paths. Besides the problem of
multipath iading, inducing selective frequency attenuation,
major problems in terms of outage probability computed on a
given temporal basis are caused to this kind of systems by flat
fading induced by heavy precipitation phenomena crossing the
radio link. In consideration of the high sensitivity of millimeter
waves to the meteorological condition of the interposed
medium, proper strategies to combat rainfall induced path
attenuation must be taken into account both on a planning and a
system design basis, in order to reduce the probability of
outage. Such strategies require knowledge of the attenuation
statistics in the area of interest. In particular, in the planning
phase seasonal and monthly rainfall statistics are needed to
individuate those zones in the selected area where heaviest
rainfall activity is more likely to occur. To this respect,
utilization of radar-derived rainfall estimates is significant,
since data are characterized by high spatial resolution, which

Italy

can be of valuable help in individuating also intense though
limited in space and time events, as may typically happen
during summer thunderstorms, since usually, outages in a radio
link are caused by heavy rain cells averaging 5 to 7 Km in
diameter and S-10 min in duration.

The other advantage of using radar data, consisting in the
possibility for them to be updated on a very short time basis
(e.g. some minules), can be profitably exploited in the
management phase for a simple outage forecast or, more
efficiently, for the optimal selection of one of the available
alternating links for transmission, possibly subject to lower
path attenuation.

Recent advances in the technology of meteorological radars,
especially those connected with the use of polarimetric
information, allow accurate measurement of precipitation and
investigation of the microstructure of different kind of
precipitation, such as rain, hail, snow, mixed-phase particles.
In particular, dual-polarization radars allow discrimination and
classification of the different precipitating particles and, in the
case of rainfall, allow one to determine parameters defining the
drop size distribution, which is the basis of a physical model
which relates path attenuation to dual polarization
meteorological radar measurements. For this kind of
applications, it would be preferable to utilize weather radars
operating at non-attenuating frequencies. Under this respect,
the typical choice in radar meteorology is S-band, since at this
band, effects of precipitation-induced attenuation are
practically negligible (Ref 1, and Ref 2). In many European
countries, however, C-band weather radars are widely
employed. In fact, such systems can provide sufficiently
reliable rainfall measurments, with the advantage of a lower
cost and a reduced dimension antenna, with respect to a S-band
systems. On the other hand, at these wavelengths, radar
measuraments are affected by attenuation due to precipitation
itself. This problem was first addressed for single-polarization
radar measurements by Hitschfield and Bordan (Ref 3), Sims et
al. (Ref 4), and Hildebrand (Ref 5). Successivcly, the same
problem was examined for the case of C-band radars utilizing
the differential reflectivity technique for measuring rainfall
(Ref 6). Here an additional problem is posed by the different
specific attenuation experienced by horizontally and vertically
polarized waves, propagating through the rainfall medium
which is characterized by a strong polarization anisotropy. As a
consequence, procedures for correcting attenuation effects on
reflectivity factors estimates, especially in the presence of
heavy rainfall, are necessary for C-band radar systems utilizing
either single polarization or dual polarization, in order to

Presented at an AGARD Meeting on ‘Atmospheric Propagation Effects through Natural and Man-Made Obscurants for Visible 1o

MM-Wave Radiation, May, 1993.
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provide rainfall rate estimates with a sufficient degree of
reliability, so that they can be utilized to predict attenuation at
higher frequencies.

This matter is dealt with in this paper, on the purpose of
focusing on the ~~tential operational employment of a C-band
dual polarization radar to assess the percentage of availability
of a radio link. After having briefly recalled the basic methods
and relationships adopted to retrieve specific attenuation
estimates from rainfall rates, we describe the simulation
program that has been uti! .- 4 to provide syathetic rainfall and
related C-band <. °  polanzation reflectivity data
corresponding to <~ ‘cral storms and different meteorological
conditions. Simulated radar data, after proper correction of
both absolute and differential propagation attenuation, are
converted to rainfall rates through both conventional
retlectivity-rainfall rate conversion formulae, and empurically
denved on the basis of radar and ground rainfall data, the latter
being provided by an hypothetical raingauge placed amid the
radio link. "True” rainfall data simultaneously provided by the
simulation model are converted into specific attenuation data
at a given frequency; due to the way they are derived, such
data are considered as the “true” specific attenuation
experienced by e.m. waves along their path.

Rainfall estimates obtained from radar data are on tum
converted to predict specific attenuation at the given
frequency, and subsequently utilized to evaluate path
attenuation. Comparisons are finally performed to assess the
accuracy of the path attenuation estimate, utilizing “true”
specific attenuation as the basis for such comparisons. Results
show that a C-band radar can be profitably exploited for the
purpose, prediction being in good agreement with the “true”
reference under different conditions of space-time rain
patterns.

2. RELATIONSHIP BETWEEN REFLECTIVITY,

SPECIFIC ATTENUATION AND RAINFALL RATE
In this section, we recall definitions of dual linear incoherent
radar measurables, rainfall rate and the specific attenuation
due to propagation through rainfall and discuss methods for
determining attenuation along a path through the knowledge of
rainfall rate.

A rainfall event that occurs over a certain area can be
described. at each time step, by a function of two variables
R(x.y) defined over a two-dimensional surface representing
rainfall intensity at the spatial coordinates (x.y). Rainfall
intensity R is defined as the depth of fallen water per time unit
and it depends on the terminal velocity of drops V(D) (cm s
and on the drop size distribution N(D) (cm'! m'?) through the
integral relation (Ref 7)

R =6xx lo"j:"" D’VIDIN(D)MD  (mmhbl) (1)

where D(cm) is the equivalent drop diameter, and D _is the
maximum equivalent drop diameter. The dual-polarization
radar measurables, namely the reflectivity factors at horizontal
and vertical polarization (Zy and Z,, , respectively) are given
by

A D
Zyy = —skzjo ouv(DN(DMD  (mmém?) (2)
o

where A is the wavelength, k, depending on the refractivity
index, at C-band frequencies, equals 0.965, and 6,(D) and
0(D) (cm?) at H and V polarization, respectively, are the
backscattering cross sections. Ratio between reflectivity
factors defines the differential reflectivity
Zpg=1010g (Z,/Z,) (dB) 3).

Reflectivity factors are evaluated through the received power,
according to

P,
Zyy = —r?

= (mm® m'}) (4)
C Yuv

where C includes radar parameters, the parameter yy .. 10
general unknown, accounts for the 2 way attenuation, and r is
the distance from radar of the scattering volume. An estimate
of rainfall rate is generally obtained by means of a semi-
empirical relationship between reflectivity and rainfall rate.
For instance, the relationship

Z=aR® &)
ts used for single polanzation (generally H) measurements and
R=AZ,Z," (6)
for dual polarization estimates.

The electromagnetic wave propagating through rainfall
undergoes a power loss per unit length K, , given by

D"-
Kyy =434x107 j'o Gep1.v (DIN(D)dD (dB km™)

)]

where ceu(D) and "ev(D) (cm?) are the total extinction cross
sections at H and V polarizations, respectively, that take into
account the whole power loss, due to both absorption and
scattering by a raindrop of equivalent diameter D.

As it is well known, the specific attenuation coefficient K,
(subscript indicating the polarization is omitted) can be related
to the rainfall rate R by the following approximate equation:

K=aR? (8)

where K and R are expressed in dBKm'' and mmh!
respectively, while o and . which obviously depend on the
employed polarization, are evaluated through a regression fit
for each value of frequency and temperature, and different rain
conditions as shown by Olsen (Ref 8).

Based on (8), propagation attenuation along a given link can
be expressed as a function of rainfall rate along the path:

_f" _m
p-jrl K(x.y)dr = J: ofR(x.y)fdr (dB) ©)
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where the geometric vectors r, and r, represent the
coordinates of the receiver and transmitter respectively, and r
15 the distance along the line path betweenr and r,.

The retationship (8) is approximate. Usually, it is determined
through a model proposed by Atlas and Ulbrich (Ref 9), which
allows to select the numerical values of the parameters o and
. However, such a model assumes that the drop size
distribution (DSD) be exponential and known, as well as it
assumes that turbulence and local winds associated with the
real meteorological conditions do not affect the drop fall
velocity law. Furthermore, such parameters depend on
temperature and relative humidity.

3. SIMULATION PROCEDURES FOR GENERATING
RAINFALL, REFLECTIVITY AND ATTENUATION
DATA

In this section we describe the model utilized for the joint
simulation of rainfull fields and dual polarization radar
measured reflecuvity fields. The procedure adopted in the
different steps of the simulation process, which are here
briefly recalled, are described in Ref. 10. The importance of
the model for the application which is the object of this paper
15 first of all related to the congruency between synthesized
rainfall and measured reflectivity fields, and secondly to the
possibility that it provides to simulate rainfall events with
different statistical behavior.
Congruency between “true” rainfall and "measured” radar data
15 a consequence of the procedure followed to prepare the
simulation environment where radar sampling is then
performed. A basic rainfall field is first generated according to
a stochastic process (Ref 11). Every rainfall event is obtaincd
as cumulatve result of the contributions of a random number
of rain cells. Their centers are spatially distributed according
to a two-dimensional homogeneous Poisson process of
parameter A and their instants of birth follow an exponential
probabitity distribution of parameter u. For each cell, the
rainfall intensity in the center has a value i, and it is
considered exponentially decaying in time and quadratically
exponential in space. The spatial extent of the cell ¢ and wind
components v, and v, are considered. The time history of each
cetl is thus kept functionally separated from its shape and
spatial extension, and the dynamics of the whole rainfall event
is driven by the above five parameters, which may be
computed in order to obtain the desired statistical
charactenstics for rainfall depth at a given time. By varying
such parameters, it is possible to generate rain events with
different typologies, such that a sufficiently differentiate case
studies can be simulated.

The generation of the reflectivity environment where radar
sampling is successively simulated follows two steps, the first
defining a scheme allowing to derive two two-dimensional (Z,,
and Z;,, ) reflectivity fields consistent with the "true” rainfall
fields at ground ("reflectivity fields at ground™).

The second step in the reflectivity fields generation process
requires that the two-dimensional reflectivity fields at ground,
obtained as described before, develop themselves along a
vertical coordinate axis in order that a couple of volumetric
fields be generated. In this context, the Zy; and Z,, fields at
ground serve as a reference, in the sense that their use in (7)
would directly lead to the "true” rainfall field. Each one of the

End
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three-dimensional fields is made up by cubic cells (called
“spatial resolution cells") supposed to be uniform in
reflectivity. Their volume was fixed as 1073 Km?, two orders of
magnitude below the typical dimension of the resolution cell of
the radar measured fields. This allows 1o take into account the
small scale variations of reflectivity during the simulation of
the radar acquisition process, independently of the type of
storm that is being generated.

The vertical reflectivity profiles that were simulated fit a basic
pattern ("medium profile”) evidencing the presence of a
precipitation melting layer at an altitude varying from one
medium profile to another, with the height of the Z,; peak at
the typical altitude of 1.3Km.

The volumetric radar integration process requires first of all
that each spatial resolution cell be identified within each radar
sample volume. Fluctuations of reflectivities in each resolutior
cell follow an exponential distributions whose mean values are
the previously computed Z,, and Z,, (Ref 7). Beam smoothing
effect is then taken into account by polynomial interpolation of
real antenna patterns at horizontal and vertical polarizations
relative to the POLAR 55C radar placed in Montagnana
Florence (Ref 12). The integration of N; pulses sequentially
acquired by each polarization channel is then simulated.

The parameters needed by the radar acquisition model are the
radar site height hg, the beam elevation e, the azimuth beam-
width @y, the elevation beam-width @, the range resolution A
r, and the distance d_ between radar and the reflectivity data
volume.

The effects of propagation attenuation at C-band are simulated
by introducing the specific attenuation at horizontal and
vertical polarizations expressed as functions of both Z,; and
Z,, according to Aydin et al. (Ref. 6). Specific attenuations at H
and V polarization as empirical relationships derived by least
squares fifth order polynomial fit of data provided
disdrometer measurements. Then, radar measured reflectivities
were simulated in each gate n according to the following
relationships:

Zio = Zpin —ZATZKHi — ArKy, + Nz + Bzy (10a)
1=k
) n-1
ZpRo = Zpra — 241 Y, K; ~ ArK, + Nzpg, +Bzpr (10b)

i=k

where k is the nearest rangé gate to the radar in which rainfall
is present, By, and B, are biases (expressed in dB) due to
calibration errors, Ny, and Ny (in dB) are measurement
errors, considered as a zero-mean Gaussian noise, AK =K, -
Ky, is the differential attenuation at the n-th gate.

The above described procedure allows one to derive, from a
"true" rainfall field, two measured reflectivity (horizontal and
differential) fields, which can be converted through
relationship as (5) and (6) to determine a radar estimated
rainfall field. Comparisons between the two rainfall fields,
once the radar estimated rainfall field is referenced with
respect to the ground, have given the opportunity to test some
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radar data correction procedures and also an hydrological
models (Ref. 13). A rather similar scheme is here adopted to
set a "true" path attenuvation and a radar derived path
attenuation at the required frequency. In this case, the path
attenuation between two points, has been obtained based on
(8), where parameters a and § have been chosen according to
values listed in Ref 8. In order to introduce a plausible
criterion for evaluating the goodness of correction and
prediction, we will consider as “true” the attenuation as
obtained by using in such relationships the "true" rainfall field,
and as predicted, the attenuation as obtained by using the radar
measured rainfall field.

4. APPLICATION OF THE SIMULATION MODEL

In the simulation, we consider 8 rainfall events, obtained
varying the three most significative parameters of the model,
in order to generate events characterized by different average
long term intensity, as well as by different space-time features.
Translation velocity components v, and v, are always set to 5
and 8 kmh'!, respectively. Parameters ¢, and v assume the
same values (3 km and 0.025 min™, respectively) for each
generated event. Values adopted for A, j, and i, are listed in
Table 1.

Table1

event 1 2 3 4 S 6 7 8

Acellskm?) 1 031.03|.06] .06].03]|.03.06].06

p(cells/min) | 02 ].02].02].02].04].04]|.04!.04

i(mmb) ] 10| 50] 10| 50]10f50]10] 50

Such events last 200 minutes each, and a 70kmx70km area is
considered, a sufficient space-time extension to permit a
meaningful analysis of the generated data, while maintaining
the computing time within acceptable limits. The link is
supposed to be along the direction of a ray path. This allow us
to better evidentiate the effect due to the distance from radar
of the radar sample volume. The geometry of the link is shown
in Fig. 1.

> pe— T

antenna beam must avoid to intercept some orographic relieves
have to be crossed in order to assure a sufficiently wide
coverage area.

Jable 2
hy(m) | d, e(deg) | Py o, Ar(m) | N;
(Km) (deg) | (deg)

235 40 0.5 1.1 09 150 64

L dr i o J‘
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Figure 1:Geometrical sketch of the simulation

The radar data generation process, produces reflectivity data in
a circular sector covering the area where "true” rainfall data
are available. In Table 2, radar and geometrical adopted
parameters are listed. Such parameters reflect typical
operational environment of a weather radar system used for
hydro-meteorological applications. So, we supposed that the
radar is installed on a hill at an altitude of 235m, and operates
with an elevation angle greater than zero, supposing that the

Supposing that "true" rainfall data refer to the sea level, and
that the radio link lies at the same level, radar will sample
rainfall at a considerable higher level than that of rainfall
disturbing the radio link. The area over which data are
generated is at 40 km far away from the radar site and the
quote of center of the radar beam varies approximately from
585 and 760 meters over the level of the radio link.

Measured radar reflectivity data are converted into rainfall
data by using relationships as of the kind (5) and (6), for a
single polarization and dual polarization measurements
respectively. Once such data are referenced to the ground, path
attenuation data are obtained by substituting R in the (8),
where a=0.121 and B=1.074, according to the relationship
used in Ref 8 for the frequency of 25 GHz for a Marshall-
Palmer DSD. The quality of path attenuation estimate is
evaluated through as

_(stonn du:ation)—(outage time)
- (storm duration)

100 (1

where the outage time is the period of time during which path
attenuation is exceeding a given threshold. The resulting path
attenuation estimates are affected from errors arising from
different sources, which are due to the uncertainty on the
adopted K-R relationship, to the vertical profile of
precipitation (including the presence of bright band) and to the
effect of C-band attenuation due to the intercepted rain. It is
thus important to individuate what kind of data processing
could be performed to enhance the reliability of estimate. Here
we analyze the effects and eventually, benefits brought by the
correction of the attenuation due to rain propagation and by a
simple correction for the effect of vertical profile of
precipitation.

4.1 A procedure for correction of C-band rain induced
attenuation

The effects that C-band attenuation propagation has on both
measured Z . and ZDR data must be corrected to obtain
sufficiently reliable radar rainfall estimates. The algorithm
used here has been described by Aydin et al. (Ref. 6). Such
algorithm is essentially an extension of the procedure devised
by Hildebrand (Ref.) to the dual polarization case. First order
estimates of Z,,(dBZ) and Z,,(dB) at the n-th gate are given
by

n-1
Zyo =Zy, —2ATZKHi
i=k

(12a)




Zya =Zyy - 2ArY Ky; (12b)
izk
Zoga = Zew —Zva (12c)

where meaning of symbol is the same as in (10a) and (10b),
and the specific attenuations are computed on the basis of
reflectivity values obtained at the preceding gate. After that, an
iterative process starts at the n-th gate, which progressively
gives higher-order estimates by recalculating the specific
attenuations by means of the lower-order ones, and so on, until
the absolute differences between two consecutive estimates are
less than 0.1 dB for Z; and 0.05 for Zy,, , or the convergence
have not obtained after six iterations. This method has teen
applied setting standard deviations of the calibration errors
Nzy, and Nzpg . as 0.3 and 0.05 dB, respectively, and the
biases due to the same errors B,y and B,p,, as 0.3dB and
0.03 dB respectively. Performance of the algorithm is usually
satisfy:. ., while the major error cause relies on the initial bias.

4.2 Assessment

calibration
The effect of the vertical profile of the precipitation could be
mitigated if the rainfall radar estimate is compared with an
accurate point rainfall estimate at ground, as that available
from one or more raingauges. The reflectivity-rainfall
relationship can be used by simply substituting standard values
for the pairs a, b and A, B. Otherwise, such parameters could
be estimated by resorting to the information obtainable from a
raingauge. Here we utilize as standard relationships that by
Marshall-Palmer for single polarization measurements (Ref.
14)

of rainfall estimates by raingauge

a=200
b=1.6

(13a)
(13b)

and that by Ulbrich and Atlas for dual polarization
measurements (Ref. 15)

A=169x1073 (14a)
=-1.55 (14b)
Supposing that a raingauge is located in a position

corresponding to the middle of the radio link path, such
coefficients are computed through a regression method,
performed on data available during the storm duration. This
situation is not compatible with real time processing
requirements, since the adopted regression procedure require
the knowledge of data of the entire or part of event. This
approach is instead feasible if operating off-line on a database
of radar reflectivity data and raingauge data. Instead, that of
having a raingauge available in such a favorable position is an
optimistic hypothesis, indeed. Results obtained are discussed
in the next section.

S. ANALYSIS OF RESULTS

Results refer to different processing procedures applied to the
reflectivity data. Two different path lengths (d;,) 10 and 20
Km., have been considered, in order to take into account the
effect of the increasing distance from radar and to evaluate its
influence on the path attenuation and on the effectiveness of
adopted correction procedure for C-band rain induced
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attenuation. In Figure 2, path attenuation is shown as a
function of time, for the rainfall event numbered 1 and d,,= 20
Km. Different processing schemes have been tested for
rainfall rate estimation and subsequent prediction of specific
attenuation: Figs. 2a and 2b refer to a radar providing absolute
reflectivity data only, while Figs. 2c and 2d refer to a radar
exploiting both absolute and differential reflectivity.
Furthermore, solid curves represent “true" attenuation, doited
one refer to the case that no C-band altenuation correction be
performed, and the dashed lines refer to the case that such
correction be performed. In plotting Figs. 2a and 2c, standard
relationship with parameters given in (13) and (14) have been
employed, while in plotting Figs. 2b and 2d parameters of the
reflectivity-rainfall relationships have been computed
according to the regression procedure described in section 4.2.
A merely qualitative analysis of the results, seems to indicate
that a main source of error is related to the effect of the
vertical reflectivity profiles, since the bias in the attenuation
estimate, visible in Figs. 2a and 2c, is not removed by the C-
band attenuation correction procedure. A similar observation
can be made also to the plots shown in Fig. 3, obtained under
the same hypothesis adopted for plots of Fig. 2, but with a
10km path length. A more accurate and quantitative analysis
of the results, can be done referring to the scatter plots shown
in Figs. 4 and 5. Here a 20 dB path attenuation threshold was
selected as a basis for evaluation of both "true” and predicted
Percentage Availability as defined in Section 3, for both cases
of 10 km and 20 km path length. Subplot indexing and curve
codes are the same adopted for Figs. 2 and 3. Each points
refers to the "true” and estimated attenuation for each event.
Circle marks refer to the case of uncorrected C-band
attenuation effects. The beneficial effect provided by the
calibration procedure is quite evident, since regression line
closely approaches the diagonal. Although less evident, we
point out a noticeable reduction of the spreading effect of
single points around the regression line, when the C-band
attenuation correction procedure is applied, when both single
or dual polarization radar measurements are used. Such
benefits are more evident in Fig S, referring to a case for
which rainfall sampled by radar is on the average, closer to the
radar site and thus at a lower altitude. The main disadvantage
in using the procedure described in Section 4, is related to the
iterative nature on which the correction algorithm is based: in
fact, correction tends to be less effective as distance from
radar increases, especially when some anomalous value of

due to a partial interception of the melting layer, are
detected. This means that it is not convenient to devise
processing techniques that completely separate the effect of
vertical profile from that due to propagation attenuation. Even
if Figure 5d presents a lower number of points than in the
corresponding subplot of Fig. 4, because of the severe
attenuation that causes for some events, the set threshold to be
exceeded for the whole event duration, advantages carried out
by the joint use of the correction and calibration technique, in
terms of bias and dispersion are evident.

6. CONCLUSIONS

The problem of planning radio relays operating at millimeter
frequencies with the aid of historical reflectivity data available
from a C-band dual linear polarization radar measurements,
has been analyzed. The need of adopting procedures for
correcting the propagation attenuation due to rain and the
effects of vertical profiles of reflectivity are underlined, by

M
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comparing results obtained during some synthetic rainfall
events. Some limits in the use of such estimates for an
increasing distance from radar have been pointed out. The
advantages of the use of dual polarization, especially when the
dual polarization information is not conveniently processed
seem to be, for this specific application, scarce. Such
advantages would indeed be evident when trying to assess the
probability of occurrence of precipitation other than rain (hail,
graupels, wet snow) which may be responsible for more
pronounced scattering and absorption phenomena.
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Figure 2: Path atienuation (dB) versus time for the event number 1. Solid line: True attenuation; Dotted line: Predicted path attenuation (C-
band attenuation correction not performed); Dashed line: Predicted path attenuation (with C-band attenuation correction); d,,=20 km

a) Single (H) polarization, standard Z,-R relationship; b) Single (H) polarization, calibrated Z,-R relationship

c) Dual (H) polarization, standard (Zpg)-R reiationship; d) Dual (HV) polarization, calibrated (Zpg)-R relationship
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Figure 3: Path attenuation (dB) versus time for the event number 1. Solid ine: True attenuation; Dotted line: Predicted path attenuation (C-
band attenuation correction not performed); Dashed line: Predictad path attenuation (with C-band attenuation correction); d;,=10 km

a) Single (H) polarization, standard Z,-R relationship; b) Single (H) polarization, calibrated Z;-R relationship

c) Dual (H) polarization, standard (Zg)-R relstionship; d) Dual (HV) polarization, calibrated (Zp)-R relationship q

w



100 — — — A\ — 100
[

Availab. % (Estimated)
g =

T T

®

~

-.‘:_-

PR SR |
Availab, % (Estimated)
2 =
T T
(¢}
S’

]

L ]

—_— s

[ ] . . .
o} 2 e ® . wp . ®
,"//l
18 2 . 20} e
* s
o 4 L Lt ob—— s .
(1] 20 L] 60 80 100 0 20 40 60 0 100
Awibb % (True) Awilb % (True)
100 -+ 100 T v
,I’ d
= o4
g T ¢ ] g o 9
® -,"’ d ® . °
T L
-
< 20 e 4 < 220} :'_
% "% 4w @ 0 10 % 20 % & m 10
Awilab. % (True) Awilab. % (Truc)
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Discussion

Discussor's name : W. Flood, USA

Comment/Question :
You had raingauge data to calibrate both single polarization reflectivity and differential
reflectivity with rainfall rate on the ground. You used these calibrations to estimate MMW J

attenuation along the paths. Just what is the advantage of the differential reflectivity
technique over a single polarization reflectivity estimate?

Author/Presenter's reply :

At the present stage of analysis no particular advantage emerged in using the different d
reflectivity techniques for this application.

Discussor's name : U. Lammers, US
Comment/Question :

Did you actually compare radar-derived slant path attenuation with measured slant path q
attenuation?

Author/Presenter's reply :

q
No such a comparison has been made yet. At the present stage we are analysing possible
causes of errors, through simulation models suitable for statistical analysis of performance.
Some experimental radar data and raingage measurements have been analysed to check the
robustness of the slant path attenuation estimate with respect to the raingage displacement,
which can affect the raingage/radar calibration process. q
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